I949 450-5 m,u.)since it yielded a singleband on mixed chromatography with cryptoxanthin obtained from yellow maize (Sadana, 1946) . Zone II. This was an orange-coloured band. The pigment was identified as neo-,-carotene U (maxima in light petroleum 480 and 450 mp.; Sadana, 1949 
Our object has been to develop methods for the quantitative analysis of the mixtures of sugars present in the polysaccharides of the cell wall of fruits; these mixtures frequently include glucose, galactose, xylose, mannose and arabinose, as well as galacturonic and glucuronic acids. The work of Partridge (1946 Partridge ( , 1948 has demonstrated the effectiveness of the paper chromatogram as a means of separating reducing sugars, whilst the work of Hirst, Jones & Flood (1947) and Hawthorne (1947) has shown that the amounts of sugars can be estimated within ± 5 % once they have been separated on the paper chromatogram. It was found in preliminary experiments that none of the solvents previously used in this work was in fact capable of separating all the sugars known to be present in the mixtures under investigation. A large number of solvents was then investigated, and this study led not merely to the development of two new solvents having the required specificity, but also to a more selective method of operating the paper partition chromato- allowing the solvent to drip off the end of the paper the difficulty has been avoided. Solvents are chosen which have a low viscosity so that the solvent flows quickly through the paper.
To obtain solvents which give R, values about 0-2 for any particular pair of sugars, it is convenient to use three-component systems so that the partition coefficient, and with it the RF value, can be adjusted to the desired value. Such solvents have been used previously by Martin & Synge (1941) , Isherwood (1946) and Partridge (1946 Partridge ( , 1948 . Usually two of the components are immiscible whereas the third is miscible with either of the other two. By varying the amount of the third component it is possible to adjust the partition coefficient over a wide range. The two new solvents, ethyl acetate-pyridine-water and ethyl acetate-acetic acid-water are mixtures of three components and in addition have a low viscosity. EXPERIMENTAL Apparatus. The apparatus was similar to that described by Partridge (1948) . The main difference was that a small hole was bored through the lid of the chamber immediately above one end of the stainless steel trough so that a pipette could be inserted to deliver solvent to the trough. The hole was normally closed with a tight fitting bung. Whatman no. 1 filter paper was used for the strip chromatograms, one end being cut to a point to facilitate even drainage when the solvent front had reached the bottom and was dripping from the paper. The sugar solutions used were roughly 1% (w/v) with respect to each individual sugar and were SEPARATION OF SUGARS ON PAPER CHROMATOGRAM applied to the paper with a micropipette (3-7 p1.) so that the size ofthe spots could be standardized. The whole apparatus was kept in a constant-temperature room at 20±0 0250, as it was found that changes in temperature altered the R.
values for the sugars in an irregular manner, especially ifthe critical temperature of the mixture of solvent and water was close to that of the room.
Reagents. The phenol and 8-collidine were purified as described by Partridge (1946 Partridge ( , 1948 . The sec.-butanol was purified by distillation through a vacuum-jacketed fractionating column, the middle third of the distillate being used for the paper chromatograms. This fraction had a constant boiling point. isoButyric acid was treated similarly. The critical temperature of a mixture of the purified isobutyric acid and water was found to be 24 30. The accepted figure is 24.50.
Solvents which contained only one component besides water were equilibrated against water at 200. In the case of solvents containing three components, definite volumes of each component were mixed and when equilibrium between the two phases that resulted had been attained, the nonaqueous phase was separated and used as solvent without further treatment.
Procedure. The spots of sugar solution were added to the paper from a micropipette (3-7I,.) in a similar manner to that described by Hawthorne (1947) . The papers were allowed to dry, and were then hung from the trough in the chamber, no solvent being present. Sufficient of the nonaqueous and aqueous phases was now added to the bottom of the chamber to ensure that the papers would reach equilibrium with the solvent. The lid was placed in position and the apparatus left overnight. After this preliminary equilibration the bung was removed from the small hole in the lid, and solvent added to the trough from a pipette, care being taken to avoid loss of the vapour from inside the chamber. The bung was then replaced. The subsequent treatment of the papers follows closely that described by Partridge (1948) .
RESULTS

Variation of Rp value with solvent
Results for rhamnose, xylose and glucose are recorded in Table 1 . These sugars were chosen because they were conveniently spaced within the range of RF, values obtained for the simple sugars. The solvent front was not allowed to run off the paper. However, if the solvent front was allowed to run off the paper so that the spots moved 10-20 cm. then the distance between the centres increased to 5-10 cm.
Separation of the sugars
From the preceding paragraph it appears that the best conditions for the separation of the sugars are when the R. values are less than 0-2 and the solvent front is allowed to run off the end ofthe paper so that the spots move 10-20 cm. The main drawback is that the time required for the spots to move apart on the paper can be considerable if the solvents used have a high viscosity, e.g. cyclohexanol. It is essential, therefore, to use solvents which have a low viscosity in order that the solvent front may move as quickly as possible. A comparison of the viscosity of various solvents with the rate of movement of the solvent front is given in Table 2 . The viscosities given are those for pure liquids while the velocity of the solvent front is for the same liquid saturated with water. The influence of viscosity on the separation of the sugars has been calculated by combining the figures for the velocity of the solvent front with the R. values given in Table 1 , the assumption being made that the rate of flow of solvent through the paper and the R. value remain constant. t Rp values are given in parentheses.
In practice the separations achieved are much less than is shown in Table 2 , the main reason being that when the solvent commences to drip from the end of the paper, the rate of flow of solvent is reduced to about half the initial value. The relative separations, however, remain substantially the same, though they do not entirely correspond to the R1, values measured when the solvent front is still on the paper. The explanation probably lies in the fact that the distribution of the solvent throughout the paper strip is modified if liquid accumulates at the bottom (cf. Consden, Gordon & Martin, 1944) .
None of the solvents listed in Table 3 . Of these mixtures ethyl acetate-pyridine-water and ethyl acetate-acetic acid-water were selected as they fulfilled the requirements for which this work was undertaken. 
SEPARATION OF SUGARS ON PAPER CHROMATOGRAM
Analysis of mixtures of sugars In a mixture containing arabinose, xylose, glucose, galactose, galacturonic acid and mannose, it was possible to detect all the components with certainty using one or other of the above solvent mixtures. Of these sugars arabinose could not be distinguished from mannose in ethyl acetateor by the method described by Hawthorne (1947) . We preferred, however, a combination of the two methods. A known amount of the sugar solution was added to the paper from a micropipette (Hawthorne, 1947) , and then the sugars separated and isolated following the method described by Hirst et al. (1947) . Analysis of four mixtures by this method is given in Table 4 . If only a small proportion of one sugar was present it was advantageous to work with a concentrated solution though the more concentrated the solution used the larger the spot after development. The use of concentrated solutions was possible with the solvents described above because the distance between the centres of the sugar spots was 3-5 cm. Thus, using ethyl acetate-acetic acid-water as solvent, mannose was identified in the presence of 10 times its concentration of glucose and 100 times its concentration of xylose. The total concentration of sugars in the solution used for making the spot was 20 % (w/v), and the diameter of the xylose spot after the chromatogram was developed was 4-5 cm. Quantitative analysis of the sugars on the paper chromatogram after they had been separated using either of these solvents was carried out successfully either by the method described by Hirst et al. (1947) Mixture 1 was separated using ethyl acetateacetic acid-water as solvent. The time required for the separation of the sugars was 48 hr. Mixtures 2, 3, 4 were separated using ethyl acetate-pyridinewater as solvent. In the case of mixtures 3 and 4 the composition of the solvent was slightly modified, the components being in the ratio of 5, 2, 5 instead of the ratio of 2, 1, 2 respectively as described in Table 3 . The modified solvent gave slightly better separations than the original. The papers were dried at room temperature overnight because it was found that drying at the usual temperature of 60-100°in the presence of pyridine appeared to destroy a large part of the sugar present.
Mixtures 3 and 4 are examples of the separations achieved when some of the sugars are present only in small proportions.
DISCUSSION
If we consider the separation of the sugars after they have moved a definite distance down the paper chromatogram we find that the best separations are obtained with solvents which give RF, values less than 0-2, the solvent being allowed to run off the end of the paper. This observation is in agreement with predictions which can be made by applying to the paper chromatogram the equation first deduced by Martin & Synge (1941) when the partition coefficients are large, and that if two solutes are only just separated when the partition coefficients are large they will not be separated when the partition coefficients are small. The assumption that the ratio /,l is sensibly constant for solvents of a similar type is strongly suggested by analogy with the data given by Cohn & Edsall (1943) on the solubility of amino-acids and their derivatives in various organic solvents and in water. It is important, therefore, to choose a solvent for which the partition coefficients are large so that the maximum separation is achieved. In paper chromatograms
ALIAs is about 4 (Consden et al. 1944 ) so that a and P must be at least 10-15. This corresponds to an R., value of 0-2-0 3. In practice it is not always easy to find a twocomponent solvent (water is always one component) which will give RF values of about 0-2 for a particular pair of sugars. Three-component solvents are, however, much more flexible in this respect.
Originally these solvents were introduced in order to obtain a more convenient spread of R. values for pentoses and hexoses than was possible with twocomponent solvents, but they can be readily applied to the separation of sugars with similar RF values.
The R. value of a sugar can be altered by changing the amount of water dissolved in the organic phase; the general relationship between the amount of water in the organic phase and the R. value is clearly shown by the figures in Table 1 . The addition to a two-component system of a third substance, which is readily soluble in both phases, increases the amount of water held in the non-aqueous phase, whereas addition of a substance which is soluble only in one phase diminishes the amount of water. Thus, by using the organic, phase from a mixture consisting of two organic solvents and water, one of the organic solvents being miscible with water and the other immiscible, it is possible to alter the RF, value within wide limits. The R. value for any particular pair of sugars can, therefore, be adjusted to about 0-2.
The apparatus used in the present experiments has the advantage that during the development of the chromatogram the phases on the paper are not disturbed. In the method described by Partridge (1948) the lid of the chamber is removed when the trough is filled with liquid, and the atmosphere is, therefore, initially unsaturated, and requires several hours at least to reach equilibrium with the solvent. During this time the advancing solvent front is losing solvent to the atmosphere, and particularly in the case of three-component systems may not have the same composition as the solvent in the trough. In extreme cases with certain mixtures the two phases become miscible and then all the sugars travel down the paper just behind the solvent front. By filling the trough without opening the chamber after the paper and atmosphere have reached equilibrium with the solvent, we can avoid any disturbance of the phases on the paper. SUMMARY 1. A number of solvents have been examined for the separation of complex sugar mixtures on the paper chromatogram. It has been shown that two three-component mixtures, ethyl acetate-acetic acid-water and ethyl acetate-pyridine-water are more satisfactory than any previously described solvents for the qualitative and quantitative deterruination of the sugars in mixtures of the simple hexoses and pentoses.
2. Some of the factors which influence the separation of the sugars on the paper chromatogram are described and analyzed. It is shown that improved separations can be obtained by using solvents which give low RF values, the solvent front being allowed to run off the paper. The use of a solvent with a low viscosity shortens the time needed for analysis because the solvent flows more rapidly through the paper. 
